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1.0 SUMMARY 

The purpose of this investigation was to delineate the effects of metallurgical conditions on 
the mechanical properties of ASTAR-811C (Ta-8W-1 RE-0. 7Hf-0. 025C) sheet (0.035 inch 
thick). Under NAS 3-2542 the 2400°F creep properties were shown to be improved by in- 
creasing the final annealing temperature from 300G°F to 3600°F. 

Cold worked ASTAR-81 1C (0. 035 inch thick) sheet annealed for 5, 30 and 60 minutes at 
3000 to 3800°F recrystallized to give an equiaxed grain size ranging from 0. 03 to . 38 mm. 
Differential temperature-stress creep testing showed that there was essentially no difference 
in creep properties for material annealed above the carbon solvus (~3600°F) even though the 
grain size varied by a factor of 5. The creep rates of ASTAR-81 1C annealed above the carbon 
solvus (>3600° F) were significantly less (~l/5) than for material annealed below the carbon 
solvus. The creep rates observed for material annealed below the carbon solvus exhibited too 
much scatter to clearly define a trend. Since both grain size and precipitate distribution were 
altered over the range of heat treatment investigated, it would appear that the changes in 
creep behavior were caused primarily by changes on the precipitate morphology. Creep tests 
on material heat treated to retain the high temperature form of the carbide precipitate in a 
relatively fine grain size matrix (^-0. 03 mm) confirmed this observation. 

The minimum annealing treatment necessary to produce the high temperature form of the Ta 2 C 
precipitate is 1/2 hour at 360C°F. This annealing treatment was used as both a final annealing 
treatment as well os for in process annealing. This treatment resulted In optimum creep properties 
in ASTAR-311C over the temperature range of 2000-2600°F. 

Cooling from the final annealing temperature of 3600°F at rates of 5, 50, and approximately 
700 F°/nrimjtes had little effect on creep properties at 2000 and 2400°F. Metallographic 
analysis, both optical and TEM? indicated that the strengthening of the carbide precipitate must 

transmission Electron Microscopy 
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' be reluted to grain boundary precipitate. There was insufficient grain volume precipitate 

observed by TEM to account for the strengthening increments attributable to the carbide 

■ c 

f i.i dispersion. 

rn f ■ 

t The creep properties of GTA welded ASTAR-81 1C was similar to that for the base metal. 

, •* i 

! During GTA welding, the fusion zone exceeds the carbon solvus and cools sufficiently 

fast to retain the high temperature form of the carbide. The grain size in the fusion zone 
varied from 0. 03 to 0. 07 mm. 
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2.0 INTRODUCTION 

During the development of ASTAR-81 1C under Contract NAS 3-2542, it was observed that 
the creep properties of ASTAR-81 1C (Ta-8W-1 Re-0. 7Hf-0. 025C) could be substantially altered 
by increasing the final annealing temperature from 3000 to 3600 °F (1) . Since ASTAR-81 1C 
was developed primarily for long time service applications in advanced space nuclear power 
systems, creep strength is the primary design criterion. Creep of metals and alloys is a 
structure sensitive property^; therefore, it was of importance to investigate structural effects 
on the creep behavior of ASTAR-81 1C. The primary objective of the investigation described 
in this report was to delineate the influence of metallurgical condition on the creep behavior 
of ASTAR-81 1C sheet (0.035 inch thick). Creep properties were determined on material in 
the as-worked, annealed, and the GTA welded condition. 
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3.0 EXPERIMENTAL PROGRAM AND PROCEDURES 


3. 1 EXPERIMENTAL PROGRAM 

The experimental program for determining the effects of metallurgical condition on the creep 
behavior of ASTAR-8I1C was conducted sequentially following the four tasks outlined in 
Figures 1 -4. 

3.2 STARTING MATERIAL 

Two heats of ASTAR-81 1C were required to conduct the program and the ingot analysis for 
the material is listed in Table 1. With the exception of the specimens used for the thermal 
mechanical processing study discussed in Section 4. 3 of this report, all test specimens were 
from the NASV-20 heat of ASTAR-81 1C. 

Heat NASV-20 was prepared from sandwich-type electrodes which were double consumable 
electrode vacuum melted to yield an 80 pound, 4 inch diameter i ngotO * A one-inch high 
right circular section of the ingot was upset forged at 2550°F by a single blow on a Dynapak 
to give a thickness reduction of 59 per cent. After annealing one hour ct 3000°F, the forged 
disc was rolled first at 900 F and then at room temperature to give a combined 89 per cent 
thickness reduction. Following another anneal for one hour at 3100°F, the materia! was 
cold rolled 33 per cent at room temperature to g ! ve a finished sheet thickness of 0. 035 inch 
from which test specimens were prepared. 

3.3 HEAT TREATMENTS 

Heat treatments were done using a cold wall vacuum furnace at< 1 x 10 ^ torr. At temper- 
atures up to 3200°F, an elastomer sealed polymer pumped system was utilized for heat treat- 
ment. Above 3200°F, decarburization of the 0.035 inch ASTAR-8UC occurred very rapidly 
(see Figure 5) when heat treated in a conventional elastomer sea led, polymer pumped, unbaked 
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Figure 4. TASK IV - Effect of GTA Welding on Creep Properties of ASTAR-81 1C 
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* Originol development heat produced under Contract NAS 3-2542 - see 
Reference 1 . 

** Vendor reported analysis for 1/8 in. thick plate. Material produced from 
8 in. diameter ingot by Wah Chang, Albany, Oregon. 
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Annealing Time, °F 


Figure 5 . Effect of Annealing Temperature and Time on the Decurburization of 
0. 035 inch thick ASTAR-81 1C Sheet 

(Note elastomer sealed polymer, pumped nonbaked cold wall vacuum system 
operating at 1 x 10“^ to 1 x 10“* torr) 
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vacuum system. To avoid decarburization, specimens were either annealed in sputter Ion 

pumped bakeabie metai sealed sy5tems,or the samples were encapsulated in a T-222 foil 

-5 

envelope which was evacuated to < 1 x 10 torr end sealed by electron beam welding. 
Specimens encapsulated in this fashion did not decarburize even when heated at 10 torr 
at temperatures up to and Including 3800°F. 


3.4 MECHANICAL PROPERTIES 

Creep and te, Tie test specimens were of the pin loaded type having a one inch gage length 

and 1/4 inch width in the gage section. All creep testing was dene in sputter ion pumped 

”8 

systems operating at < 1 x 10 torr. Creep elongation was measured optically using lines 
scribed at the extremes of the reduced gage section for reference marks. Heating was by 
radiation from a split wail tantd urn resistance heated element. A uniaxial stress was applied 
by dead weight loading. Details of the ultra -high vacuum creep test units have been de- 
scribed elsewhere^. 

Tensile testing was conducted in an elastomer sealed vacuum chamber fitted to a 500 lb. 
capacity screw driven Insiron testing frame. Crosshead motion was used to record specimen 
elongation during testing. All elevated temperature tensile testing was done at a pressure of 
<1 x 1 o ' 5 torr. 
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4. 0 EXPERIMENTAL RESULTS AND DISCUSSION 



4. 1 EFFECT OF THERMAL TREATMENT ON GRAIN SIZE AND CREEP PROPERTIES 
4. 1 . 1 Grain Size 

The effect of annealing conditions (temperature and time) on the grain size of ASTAR-81 iC 
was determined using heat NASV-20 (35 mil sheet, 33% cold worked). Specimens were 
annealed for times of 5, 30, and 60 minutes at temperatures ranging from 3000 to 3800°F 
in 200F° increments. 

The as-machined specimens were pickled and wrapped in clean tantalum foil. Tungsten- 
rhenium thermocouples were spot welded to the tantalum foil and the temperatures measured 
using the calibration data supplied by the Hoskins Manufacturing Company. The specimens 
were heated in vacuum to 2000°F and held there for outgassing until the pressure dropped to 
< 1 x 10 ^ torr. This took about 10-15 minutes. The specimens were then heated to the 
annealing temperature as rapidly as possible. The heating time varied from about 30 to 60 
seconds. Cooling was done in helium gas with *he time to cooldown to 2000°F varying from 
about 45 to 60 seconds. By way of comparison, it takes about 50% longer to cool in vacuum 

The grain size results are shown in Figure 6, and the following points are noted: 

(a) The grain size was measured on photomicrographs at 100X by scribing 
four lines which ran from comer to corner and mid-face to mid-face. 
Measurements were mode on both longitudinal (L) end transverse (T) 
sections and occasionally in the rolling plane (RP). 

(b) The points plotted at zero time refer to the starting, as-worked material. 

(c) After recrystallization, no difference was noted in the grain size as 
measured on the L, T, and RP sections. 

> 
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Figure 6. Effect of Annealing Time and Temperature on Grain Size 
of ASTAR-81 1C Sheet, 0.035 Inch Thick, 33% Cold Work 
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(d) The circular points give the average grain size, i. e. , the average of 

at least eight values, four for each micrograph for both L and T sections. 

The vertical bands depict the range of ell the individual values. Note 
that at the larger grain sizes there are only three or four grains across 
the thickness of the sheet. It is also to be noted that the height of the 
vertical bands does not necessarily give a correct measure of the inherent 
variation in grain size since it also reflects variation due to the par- 
ticular measurement procedures employed. 

The average values shown in Figure 6 are replotted in Figure 7a and compared with previous 
data on ASTAR-81 1C in Figure 7-b, c, d. 

1.2 Creep Behavior 

Incremental type creep tests were employed in which the stress and temperature were progressively 
changed, beginning generally at 2200°F and 25 ksi and ending after about 300 hours at 2600°F 
and stresses as low as 5 lei. An example of the type of creep curves obtained is shown in 
Figure 8.* 

The specimens all showed between 0, 1 and 0. 2 per cent strain on looding to a stress level of 
25 ks? at 2200°F. Most of the segments of the creep curves were iinear. Where nonlinear 
segments were observed, the minimum creep rate is reported. The applied stresses were based 
upon the initial cross-sectional area. Thus, the true stress on the specimen during the later 
stages of test are higher then the values reported by up to cbout 5 per cent. The reported 
creep rates have not been corrected for this effect, except for the following described test. 


* Complete creep curves for each test are in Appendix A. 


14 


AVERAGE GRAIN SIZE - MM 


.1 


'•jj , Asrron'jciear 
'■•C*/' laboratory 



O HEAVILY COLD WORKED (WAH 
CHANG HEAT) 

He-QUENCHED 
THIS REPORT PERIOD 

•73% CW 

VAC FURNACE COOL 
PREVIOUS WORK 
(CONTRACT NAS 3-2542) 



j- • 85% CW 

L VAC FURNACE COOL 

PREVIOUS WORK (CONT NAS 3-2542) 
’A 085% CW 
- (TRW-SHEFFLER) 


r ( 70 ) 



JL 


_L 


± 


3j^-'~f/?MlN 

,i ■ ,,| I l 


2600 2800 3000 3200 3400 3600 3800 2600 2800 3000 3200 3400 3600 3800 


RECRYSTALLIZATION TEMPERATURE - F 




Figure 7. Grain Size-Temperature-Time Data on A5TAR-811C Alloy 
(Heat No. NASV-20 except as noted) 


\ 

•I 


15 


Elongation 



9 ! Specimen 1-34-3Q-H-C 
P i/2 Hr. at 340C°F 

j G.S. - 0.056 mm 

8 


7 2200° F 2400° F 26CC/ J F 

i 



0 20 40 60 80 100 120 140 160 180 200 2?0 240 260 280 300 


Time, Hours 



16 






w 


Astronuclear 

Laboratory 


r i 


- tine i i rCi r\ T 


^ jf the e^ec* of *F>e nrinr rrp^p strain or the creep rate at a given 

*atrer oarr of the test, a test like that shown in Figure 8 was run and then the 
%yn. cnee was reversed. The creep rates for the up-cycle and down-cycle were compared 

canceling f o r the inje stress effect; ond as shown in Figure 9, they are in good agree- 
ment. 

The effect of annealing temperature on the creep behavior of ASTAR-311C is summarized 
in the Larson-Miller plot shown in Figure 10. The times to 1 per cent strain values were 
calculated from the creep rate data obtained during the incremental temperature— stress tests. 

!r is apparent that recrystallized ASTAR-811C has significantly better creep properties than 
the cold worked material. Increasing the final annealing temperature results in still further 
improvement in creep properties. The change is gradual though, with specimens annealed 
at 3400° F and he low showing considerable data scatter, while there is little if any difference 
between the specimens annealed at 3600 and 3800 F i he spread in the band for the annealed 
specimens amounts to a verfico! separation of about 5 ksi, or a horizontal separation ot about 
1 50°f in test temperature. (A change by one unit in the Lorson-Miiler parameter in Figure 
10 is equivalent to a change in te<t temperature of about 50 F . ) 

In Figure 11 the creep rare is plotted against stress for each test temperature The circular 
symbols in this figure are for specimens annealed between 3000 and 3400 F, while the tri- 
angles represent specimens annealed ai o600 and 3800 F, the annealing time being J, 30, and 
60 minutes at each temperature. The trend of decreasing creep rale with increasing annealing 
temperature is again evident. 


The solid-line and dashed-iine curves in Figure 11 are plots of equations (1) arid (2), respectively: 


• , Be -Q/RT 

« Ae e 


; . n -Q/fcl 

1 - A «* e 


( 1 ) 

( 2 ) 
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Figure 9. Effect of Test Sequence on Creep Behavior of ASTAR-81 1C During Incremental 
Stress and Temperature Testing. (Prior treatment, 1/2 hour at 3600°F , 
cooled 50F° per minute. ) 
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Figure 10. Larson-Miller plot of incremental creep test data on ASTAR-81 1C. 
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Figure 11. Temperature and stress dependence of creep of ASTAR-81 1C. 
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These curves were drawn using values for the constants in equations (1) and (2) determined 
by treating all of the creep data as a group, rhct is, irrespective of hect treat condition. 

The /aiues for these constants determined by a least-squares-corT puter program ere as follows: 


Eq- (i)(e Ba ) 

Eq. (2)(* n ) ! 

A, 

^-1 

(ksi) 

Q, 

A, 

n, 

Q, 

%/Tir. 

kcai/mole 

(%,/Vir)/fksi) n 

dimensionless 

kcal/mole 

14 

1.6 x 10 

3.73 

135.5 

CO 

o 

X 

to 

4.61 

111.8 


No particular physical significance is attached to tne values obtained for these constants. 
However, equation (1), in particular, is useful for estimation purposes. 

The effect of heat treatment on creep is shewn in Figure 12 in terms of conventional (constant 
T, a ) creep curves. The specimen annealed at 3000°F shows a monotonically increasing creep 
rate, white the sample annealed at 3600°F shows a iinear creep rate out to at least 1000 hours. 
The difference in their creep behavior therefore increases with increasing time or strain. These 
two creep curves also depic, n lC magnitude of the effect on creep due to the range of heat 
treatments being investigated. Il* is noted that the two curves start out about the same, and 
even after 50 hours it is difficult to distinguish between them. This suggests the possibility 
that the incremental creep tests may minimize the differences in creep behavior due to heGt 
treatment effects because of the short time increments employed at each combination of tem- 
perature and stress. 

4, 1. 3 Microstructure 

After moderate to heavy cold working, ASTAR-811C recrystallizes in 1 hour at about 240U to 
2600°P. With increasing annealing temperature and time the grain size increases (Figure 6), 
and the precipitates present in the cold worked material are gradually taken into solution 
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(Figures i3 to 15). The precipitates in ASTAR-811C have been identified as the hexagonal 
close packed tantalum rich dimetal-carbide, (Ta, W)jC, regardless of the mechanical-thermal 
conditions. 

The optical microstructure of samples cnrcaled at 3600°F and above appears to be single phase 
(Figure 15). There is no doubt that the carbides have been taken completely into solution. 
However, reprecipitGtion on a scale unresolvable by optical microscopy occurs during cooling, 
as shown by the electron transmission micrographs in Figure 16. 

The precipitates shov/n in Figure 17 were extracted from creep specimens after being tested as 
shown in Figure 12 . The initial precipitates (Figure 16) in the specimen annealed at 3630°F 
grew into long, thin platelets (Figure 17 b) during creep testing. These precipitates are still 
much smaller than those in the specimen annealed at 3000°F (Figure 17(a)). Figure 18 shows a 
transmission micrograph of the creep specimen which haa been annealed at 3630°F prior t 
testirg. The dislocations appear to be pinned by the smali precipitates and tangled around the 
larger ones. 

4. 1 . 4 Discussion 

The two principal micrcstructura i features which change for the range of heat treatments in- 
vestigated are grain size and precipitate dispersion. Since both of these features can in- 
fluence creep deformation, it is of interest to consider their relative contribution to the creep 
resistance of ASTAR-811C. Creep rate (from incremental tests) is plotted as a function of grain 
size in Figure 19 for general combinations of test temperature and stress. The circular points 
represent specimens annealed at 3400°F (below carbon solves) and below while the triangular 
points are for specimens annealed at 3600°F (above carbon solvus) and above. There is little 
difference in the creep rate of specimens annealed at the higher temperatures (above the carbon 
solvus), even though the groin size varied by a factor of 4 or 5. In view of the observed 
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Figure 13. Microstructure of ASTAR-811C as-cold-worked 33 percent. 
Optical niicrographic montage, XI 500. 
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Figure 14. Microstructure of ASTAR-81 1C after annealing cold-worked material 
for 5 minutes at 3000°F. Optical micrographic montage, XI 500. 
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(q) Annealed 1 Hr/3000°F & Creep Strained 2% in 500 Hrs. 



(b) Annealed I Hr/3630°F & Creep Strained 2% in 
1000 Hrs. Same Magnification as (a) 



(c) Same as (b) Except at 4G,00QX 

Figure 17. Electron Micrographs of Tantalum Dimetal Carbide O^C) 
Precipitate Extracted from Creep Specimens (fig. 12) Tested at 2400°F and 15 ksi. 
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A Annealed 3600°-3800°F 



GRAIN SIZE, MM : 

i 

i 

Figure 19. Creep Rate (ir , remental tests) of ASTAR-81 1C as a Function of Groin Size 
for Several Combination of Test Temperature and Stress 
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4.2 FFFF.CT OF COOLING RA T E MECHANICAL PROPERTIES 

The effect of cooling rare was investigated ’’ r dng sheel and creep specimens of 

A5TAR-811C, NASV-20, cooled a* Three given ra^es afte: o 1 2 hour anneal at 360Q°F. 

The three cooiing rates chosen were helium gas auench, vhlch v/as equivalent to a cooling 
rate of 700 to 300 F°; 50 F° and 5F° per minute, resoccti vely. The specimens were encap- 
sulated in evacuated tantalum envelopes to prevent carnon loss at the 3oOO°F annealing 
temperature. Sample cooling mites were controlled from 36QCTF to 2000°F. The slower 
cooled samples were he'ium gas quenched from 2000’ r to ambient temperature. The helium 
gas quenched samples required approximately two minutes to reach 2000°F. The cooling 
rotes of the slower cooled samples were controlled by programming furnace element power 
to achieve the desired i ime-temperature relationships. A cooling rate of 50 F° per minute 
required 32 minutes to reach 2000°F from 36GG°F. The 5 F° per minute cooling rate required 
5 hours and 20 m inures for completion of the cooling proc 

The cooiing rates represent a broad spectrum of conditions which might be encountered in 
commercial heat treatment cpplicaiions of various component sizes and shapes. The results 
of the Task I study indicated that the larger grain size produced by annealing above the 
carbon solvus followed by rapid cooiing produced the optimum or minimum oeep rate for 
ASTAR-811C, In that study ail the samples were heiium gas quenched from the final annealing 
temperature. It was recognized that slower cooling rates would provide an opportunity for 
the carbide phase to precipitate within the matrix at temperatures below the carbon solvus. 
Since the precipitation process is strongly temperature dependent, the morphology and dis- 
tribution cf the carbide phase would be a function of the cooling rate and hence could have 
a significant effect on mechanical property behavior. 


4.2.1 Microstructure 


The microstructures of the samples cooled at various rates are shown in Figure 20. The 
structures are typical of classical precipitation phenomenon. The helium gas quenched 
sample appears to be single phase at low magnification (~200x). At 650x, as shown in 
Figure 20a, a finely divided precipitate can be seen in the grain matrix with denuded zones 
associated with grain boundaries. During the rapid quench from the annealing temperature 
many second phase precipitates were nucleated. As the residence time at elevated tempera- 
ture increased, agglomermation of the carbide phase proceeded producing the microstructures 
shown in Figures 20band 20c. The intermediate cooling rate, 50F°per minute, produced a 
duplex type structure of finely divided precipitate along with larger plate-like precipitates 
at grain boundaries and within the grains. The 5F° per minute cooling rate produced a 
structure with very little fine precipitate in evidence but dominated with large massive 
biocky type precipitate associated primarily with grain boundaries. 

4.2.2 Tensil e Properties 

Somples cooled at various cooling rates from final annealing temperature were tensile rested 
at room temperature and at elevated temperatures. The room temperature tensile results are 
given in Table 2 and the elevated temperature test results are given in Table 3. The data 
are summarized in Figure 21. Included for comparison are tensile data for heat NASV-20 
taken from earlier work^. The prior tensile data were for material annealed one hour at 
3000° F and furnace cooled. 

The yield strengths of the helium gas quenched material and the material cooled at 50F° per 
minute were significantly higher than the yield strength of the material heat treated and 
cooled in the more conventional manner. The finely divided carbide phase evident in the 
microstructures for these materials may have been responsible for the increase in yield strength. 
Initial dislocation motion may have been inhibited by the finely dispersed carbide phase 







TABLE 2 i 

l 

ROOM TEMPERATURE TENSILE PROPERTIES OF ASTAR-81 1C | 

SUBJECTED TO VARIOUS COOLING RATES FROM FINAL ANNEALING TEMPERATURE | 


Specimen 

History 

0.2 Yield 
Strength 

(KSI) 

Ultimate 

Strength 

(KSI) 

Elonga 

Uniform 

(%) 

tion 

Total 

(%) 

Reduction !n i 
Area 

(%) 

i 

100.0 

101.7 

15.4 

24.0 

22 

2 

98.8 

102.6 

13.9 

23.0 

26 

3 

83.8 

87.5 

15.7 

23.0 

27 

4 

35.0 

104.4 

16.3 

26.6 
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All Materia! Heat NASV-20 


Strain Rate 0. 05 in/min. 

1. Annealed, 1/2 Hour 3600°F, Hel ium Gas Quenched 

2. Annealed, 1/2 Hour 3600°F, Cooled 50F°/min. 

3. Annealed, 1/2 Hour 3600°F, Cooled 5F°/min. 

4. Annealed, 1 Hojr 3000°, Furnace Cooled 


causing the yield strength to increase. The yield strength of the material cooled at 5F° per 
minute was essentially the same as the conventionally heat treated material. The ultimate 
strength, however, was significantly lower. The lack of strain hardening in all three materials 
cf this stud) is evident. The low temperature deformation behavior of BCC alloys are strongly 
dependent on dislocation end vacancy density as well as dislocation-interstitial interaction. 
These phenomenon which are strongly affected by final annealing temperature and cooling 
rate are undoubtedly responsible for the deformation behavior exhibited by these materials. A 
mort: definitive explanation of the low temperature deformation of these materials would require 
additional tests to confirm the influence of cooling rate on the low temperature deformation 
behavior ot ASTAR-81 1C. 
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TABLE 3 

ELEVATED T r 7,PERATURE TENSILE PROPERTIES OF ASTAR-81 1C SUBJECTED 
TO VARIOUS COOLING RATES FROM FINAL ANNEALING TEMPERATURE 


Test 

Temperature 


0,2 Yield 

Strenqth 

(KSI) 


Ultimate 

Strength 

(KSI) 


Elongation 
Uniform Total 


Reduction 
In Area 

(o/\ 

K 'O) 


All Materia! From Heat NASV-20 

1. Annealed 1/2 Hour 3600°F / Helium Gas Quenched 

2. Annealed 1/2 Hour 3600°F / Cooled 50F /min. 

3. Annealed 1/2 Hour 3600°F / Cooled 5F /min. 

4. Annealed 1 Hour 3000°F, Furnace Cooled( ' 

Constant Strain Rate Test 0.05 in/min. 

* S A rain Rate Changed From 0.005 in/min. to 0.5 in/min, after 3% Plastic Strain 
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Helium Gas 50F°/min 

5F°/mi n 

Annealed 

Quenched 


1 hr/3000°F 

~800F°/min 


Furnace 



Cooled 


Figure 21. Tensile Properties of ASTAR-811C Subjected to Various Cooling Rates 

from Final Annealing Temperature 
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The elevated temperature tensile properties for material subjected fo the various cooling 
rates are also presented in Figure 21. Very little difference in yield and ultimate strength 
can be seen for the materials evaluated as a tunction of cooling rate. The ASTAR-811C 
annealed at 3000°F exhibited higher mechanical properties at both test temperature*. These 
results tend to emphasize the effect of final annealing temperature on mechanical behavior. 
The cooling rate test material of this study was annealed 1/2 hour at 36G0°F / which was 
above the carbon solvus. The ASTAR-811C annealed at 3000°F (below the carbon solvus) had 
a smaller grain size (0.037 mm vs. 0. 10 mm). These factors are most probably responsible 
for the difference in elevated temperature mechanical property behavior. 


In addition to the constant strain rate tests carried cut at 2000 and 2400°F / a strain rate 
change test was also performed. An initial strain rate of 0.005 in/in/minute was used to 
3 percent plastic strain then the strain rate was increased to 0.5 in/in/minute to failure. The 
test results are included in Table 3 


At the 240C°F test temperature the lower strain rate (0.005 In/ir/minute) produced a slightly 
lower yield strength and the higher strain rate (0.5 in/in/minute) produced a slightly higher 
ultimate strength compared to the constant strain rate (0.05 in/in/minute) test results. This 
behavior which was the same for al! three test materials, is typical for stable material. At 
the 2000°F test temperature, test results were not the same. The lower strain rate produced 
a higher yield strength in helium gas quenched and 50 F /min. eooled material, where as 
the slowest cooled material, 5F°/min., behaved in the conventional manner. This anomolous 
behavior was most likely due to an occurrence of a thermally activated process such as pre- 
cipitation of the carbide phase during testing. The slower strain rate provided sufficient time 
at test temperature to permit precipitation of the carbide phase (TajC) from supersaturation 
produced by rapid cooling. Material cooled at the slowest cooling rate, 5F° per minute, 
approached more nearly equilibrium conditions and thus exhibited more conventional behavior. 
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4.2.3 Creep Properties 


Material subjected to the various cooling rates were aiso creep tested. The test program 
was limited to two creep specimens per cooling rate. The specimens were tested at two 
temperatures, 2C00 and 2400°F, at constant stresses of 27.5 and 15 ksi, respectively, 

Creep data are given in Table 4 and complete creep curves are presented in Figures 22 and 23. 

At 2400°F, there does not appear to be any significant effect of cooling rate on the creep 
behavior of ASTAR-81 1C. The data appears to be well within experimental error or what 
would be normal scatter for a given material. At 2000°F, there does appear to be some 
effect of cooling rate on creep behavior. The material cooled at the slowest cooling rate, 
5F°/min. , appears to have a somewhat higher creep rate compared to material cooled at 
the intermediate rate, 50F°/mir.. The creep rate of the helium gas quenched material was 
slightly higher but not enough to be considered significant. 

Samples were cut from the gage section of the creep specimens for optical and transmission 
electron microscopic evaluation. The optical micorgraphs are shown in Figures 24, 25, and 
26. Included with the micrographs of the creep specimens are micrographs of the starting 
material for comparison. In each case the morphology and distribution of carbide phase, 

Ta 2 C, was altered Dy the thermal exposure during creep testing. The trend toward redistri- 
bution of the carbide phase to the grain boundaries as shown in the slowest cooled material , 
5F°/min. , is evident in the creep samples of the helium gas quenched and 50F°/min. cooled 
materials. The amount of second phase present was greater in the 2400°F creep specimens. 

The process of dissolution of the smaller carbide precipitates, diffusion of the carbon, and 
the redeposition of the carbide phase on larger particles is most likely more efficient at the 
higher temperature. 

Transmission electron microscopic examination of the starting material and creep tested 
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FIGURE 22- Effect of Cooling Rate on the Creep Strength of ASTAR-811C (NAS V- 20) 
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Starting Material 
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B. Helium Gas (Quenched) 
Geep Tested 738 hrs 
at 2000°F, 27.5 KSI 


200X 209 DPH 



G Helium Gas (Quenched) 
Geep Tested 962 hrs 
at 2400°F, 15 KSI 
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Figure 24. Microstructures of Helium Gas Quenched (from 3600°F) 
Creep Specimens of ASTAR-81 1C 
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Figure 25. Microstructures of ASTAR-811C Geep Specimens Cooled 50F°/min 
from 3600°F 
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A. Cooled 5F°/min 
Starting Material 


200X 278 D?H 


& Cooled 5F°/min 
Geep Tested 498 hrs 
at 2000PF, 27. 5 KSI 


200X 228 DPH 


G Cooled 5F°/min 
Geep Tested 5 77 hrs 
at 2400°F, 15 KSI 


200X 212 DPH 


Figure 26. Microstructures of ASTAR-811C Creep Specimens Cooled at 5F°/min 
from 3600°F 
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material was also conducted. The objective of this study was to determine the role of the 
carbide phase in the creep behavior of ASTAR-811C. The transmission electron micrographs 
are shown in Figures 27, 28, and 29. The starting helium gas quenched material exhibited 
an extremely fine precipitate on the order of (.025^™) In diameter. The 50F /min. cooling 
rate produced particles approximately 0.2 pm in diameter which increased to 0.4 pm at the 
5F^/min. cooling rate. The micrographs of the creep tested material show in each case that 
a significant change occurred with respect to the size and quantity of the carbide phase 
present. The quantity of microscopic carbide phase was significantly reduced for each creep 
test temperature. Some evidence of a possible carbide particle dislocation interaction can 
be seen for the 2000°F tested material. At 2400°F, the fine carbide phase had virtually 
disappeared. The fine carbide precipitate apparently redissoived with the carbon diffusing 
to and re precipitating on larger, more stable, grain boundary particles. This process was 
more efficient at the higher test temperature, 2400°F. The transmission electron micrographs 
give evidence that the roie of intragranular carbide precipitate in the creep behavior of 
ASTAR-811C is rather limited. The intergranular or grain boundary precipitate may be of 
more significance to the creep behavior of ASTAR-811C. 


4.3 EFFECT OF THERMAL-MECHANICAL PROCESSING AND WELDING ON 
CREEP PROPERTIES 

in the study of the effect of grain size on the creep behavior of ASTAR-81 1C, it was dis- 
covered that the creep properties were independent of grain size so long as the final 
anneal was conducted at a temperature above the carbon solvus. Annealing above the solvus, 
3600°F, produces a grain size on the order of 0. 1 mm after 1/2 hour at t >xperature. In this 
study an attempt was m .de to produce a fine (<.03mm)grain size material which retained the high 
temperature carbide precipitate morphology produced by rapid cooling from above the 
carbon solvus. By keeping the precipitate form constant, and producing a fine grained 
material, the effect of groin size and carbide precipitate morphology on creep behavior 
can be separated. 
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Figure 27. Transmission Electron Micrographs of Helium Gas Quenched 
(from 3600°F) Creep Specimens of ASTAR-81 1C 
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Figure 28L Tronsmissior Electron Micrographs of ASTAR-811C Creep Specimens 
Cooled at 50F°/ m ' n from 3600°F 
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Figure 29. Transmission Electron Micrographs of ASTAR-811C Geep Specimens 
Cooled at 5F°/min from 3600° F 
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4.3.1 Material Preparation 

IKc initial program plan called for the development of a processing schedule which would 
produce the desired microstructure, fine grain with the high temperature form of the carbide 
phase present. For this study, another heat of ASTAR-811C was required, WC 650078. 
Chemistry of this heat is given in the Experimental Procedure Section. Two one inch wide 
strips were rolled to 0. 143 and 0.082 inch thick respectively. The strips v/ere encapsulated 
in evacuated envelopes of T-222 (Ta-10W-2.4Hf-0. 01C), annealed 1/2 hour at 3600°F 
and helium gas quenched. The thicker sheet was rolled to a reduction of 60 percent, 0. 057 
inch. The thinner sheet was rolled to a reduction of 30 percent, to a thickness of 0.057 inch. 
The sheets were cut into three equal parts. One strip of 60 percent reduced material and one 
strip of 30 percent material were annealed at 2400, 2600, and 2800°F. After the heat 
treatment, metal lographic samples were taken and the remaining sheet of both starting 
thicknesses were reduced 30 percent to a uniform finished thickness of 0.040 inch. EgcH lot 
of finished material was annealed at the same temperature as the Intermediate hear treatment. 
The rolling and heat treatment scl ^dule is outlined in Figure 30. 

Metal lographic examination of the initial twelve sheet samples revealed that recrystallization 
had not occurred In any of the sheets. Typical microstrucrures for sheet reduced 60 and 30 
percent are shown in Figures 31 and 32. Reducing the sheet an additional 30 percent did 
not promote recrystallization. Samples of material initially reduced 60 percent were 
annealed for 2 and 4 hours respectively with the same results. The combination of cold 
work and annealing temperature was apparently insufficient to cause recrystallization to 
occur. Samples of ASTAR-811C reduced 30 and 40 percent and annealed 1/2 hour at 3000°F 
were successfully recrystallized. The microstructures are shown in Figure 33. The material 
rolled 60 percent had a more uniform grain size (0.03 mm) than the 30 percent reduced mater- 
ial. The high temperature form of the carbide precipitate appears to have been retained as 
indicated by the 1500 x micrographs. The grain boundaries appear devoid of the large block 
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Figure 3Q Thermal-Mechanical Processing of ASTAR-81 1C 
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Figure3l Recrystal lization Behavior of ASTAR-811C Annealed 
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Figure 32 Recrystal I ization Behavior of ASTAR-81 1C Annealed 
1/2 Hour at 3600°F and Cold Rolled at 30 Percent 
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Figure 33 Microstructures of ASTAR-811C Subjected 
to Various Thermo I -Mechanical Processing 











type carbide precipitate while evidence of a finely divided general precipitate can be seen 
v/ith the grain. 


As a result of the process evaluation, a procedure consisting of 1/2 hour anneal at 3600 F 
followed by a reduction of 60 percent, with a final anneal of 1/2 hour at 3000°F was 
chosen. Material sufficient to produce four creep specimens was processed accordingly. 

4.3.2 Creep Testing 

The material processed to 0.040 inch thick sheet using the procedure developed in the 
thermal-mechanical evaluation was machined from four creep test specimens. Creep tests 
were conducted at two stress levels at two temperatures. The creep data are listed in Table 5. 


4.3.3 Effect of GTA Welding on The Creep Properties of ASTAR-81 1C 

The objective of this evaluation was to determine the creep behavior of ASTAR-81 1C weld 

metal. ASTAR-811C sheet, 0.040 inch thick from heat NASV-20 was used for this study. 

Two strips approximately 1-1/2 inches wide by 6 inches long were annealed for 1/2 hour at 

3600°F and helium gas quenched. A bead-on-plate weld was made on each sheet using 

(]/ 4 ) 

welding procedures developed on previous programs . The welding parameters used were 
as follows: 


Speed 
Current 
Voltage 
Clamp Spacing 


15 ipm 
140 Amps 
— 18 Volts 
3/8 Inch 


A weld metal zone approximately 1/4 inch wide at the upper surface was produced in each 
sheet. Regular sheet creep specimens were machined with the 1/4 inch wide weld metal 
zone coincidental with the 1/4 inch wide gage section of the creep specimen. The specimens 
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TABLE 5 


CREEP PROPERTiES OF ASTAR-31 1C SUBJECTED 
TO THERMAL MECHANICAL PROCESSING* 


Tesr 


Strain On 

Test 

Total 

Secondary 

Time To 


Time 

Stress 

Loading 

Time 

Strain 

Creep Rate 

1% Strain 

p*** 

(°F) 

(KSI) 

(%) 

(Hrs.) 

(%) 

(%/Hr. ) 

(Hrs. ) 


2000 

27.5 

0.2 

1283 

.57 

0.000184 

5200 

51.7 

2000** 25. 0 

0.1 

503 

- 

- 

- 

- 

2100 

25.0 

- 

1027 

.39 

0.00038 

2560 

53.0 

2400 

15.0 

0.05 

388 

1.21 

0.00290 

344 

56.7 

2400 

12.5 

0.05 

602 

1.02 

o.oou 

620 

57.5 


* Annealed 1/2 Hour At 3600°F Helium Gas Quenched, Rolled 60%, 
Annealed 1/2 Hour At 3000°F and Furnace Cooled 

** No Measureable Creep Temperature Increased To 2100°F 

*** P = T (17.3 + Log t le ,_) x 10" 3 

On I%E 
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were surface ground to a final thickness of 0.035 inch to remove any surface irregularities. 
The creep specimens were then annealed I hour at 2400°F prior to creep resting. The weld 
creep test data are listed in Table 6. 





TABLE 6 



J 

i 

i 



CREEP PROPERTIES 

OF GTA WELDED ASTAR- 

■81 1C 


Test 

Temp. 

Stress 

Strain On 
Loading 

Test 

Time 

Total 

Strain 

Secondary 
Creep Rate 

Time To 
1% Strain 

i 

p* 

(°F) 

(KSI) 

(%) 

(Hrs.) 

(%) 

(%/Hr.) 

(Hrs.) 


2000 

27.5 

0.18 

1129 

0.70 

0.00046 

2180 

50.8 

2000 

25.0 

0.15 

850 

0.30 

0.000177 

5650 

51.8 

2050 

25.0 

- 

766 

0.28 

0.000365 

2740 

52.0 

2400 

15.0 

0.10 

386 

1.84 

0.00416 

240 

56.3 

2400 

12.5 

0.10 

592 

1.29 

0.0020 

500 

57.2 


*P = T Or 

(17.3 + Logt 

1%E^ x 

Kf 3 





4. 4 DISCUSSION OF RESULTS 

The results of the ASTAR-811C creep testing conducted under this program are summarized 
in Figure 34. The dash-line curves represent the creep data for the stress and temperature 
change creep tests conducted as part of this program. The solid- line curves represent con- 
stant load and temperature data from prior work^. The multi load-temperature creep tests 
tend to give results which were conservative compared to constant load, constant temperature 
test results. This behavior is not unexpected due to the nature c f the load-temperature 
change tests. The time for one percent strain for ea;h test condition was determined by extra- 
polating creep rates. Small strain increments which were necessary to cover the test rates 
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Figure 34. Summary Larson -Mi Her Plot of Creep Test Results for ASTAR-81 1C 
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and thus shift ihe Larscn-Mi Her parameter to lower values. The open points represent con- 
stant stress and temperature results for the cooling rate, the thermal-rnechanical processing 
and welding effect investigations. The test results were determined in many cases using 
actual time to one percent strain or extrapolating secondary creep rates. To permit valid 

comparison with multi load- temperature tests strain on loading and primary creep was 
neglected. At the lower temperatures and higher stress levels, the material subjected to 
various cooling rates from the final 3600°F heat treatment exhibited creep behavior which 
was significantly lower than expected. The fine grained material produced to retain the 
high temperature form of the carbide precipitate displayed creep properties at 2000°F which 
were comparable to the larger grained material. The creep properties of the welded ASTAR - 
81 1C at 2000°F was slightly lower than the larger grained material. The creep curves for 
the 2000°F, 27.5 ksi test conditions are shown in Figure 35. The creep curves for the cool- 
ing rate study show in addition to a larger secondary creep rate, a significant primary creep 
stage. T here was no indication of a primary creep stage for the welded material. The small 
grained material produced by the therms '-mechanical processing study produced a small 
but extended primary creep stage. At the 2400°F test temperature and 15 ksi stress level, 
the data were clustered, showing little effect of material condition. The creep curves, 

Figure 36, were similar in appearance and typical of the low stress-high temperature creep 
behavior of ASTAR-811C. The higher temperature apparently minimizes the effect of cooling 
rate and grain size on the creep behavior of ASTAR-81 1C. 

The conclusions which can be drawn from the results obtained under this program must be 
evaluated in light of the quantity of data generated. !n the initial investigation of final 
annealing temperature and grain size, sufficient data were produced to permit firm con- 
clusions to be drawn. In the remaining investigations, the limited number of test specimens 
available restricted the conclusion to the delineation of trends. 
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Figure 36. Effect of Cooling Rate on the Creep Strength 
(2400°F - 15KSI) of ASTAR-81 1C 
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5.0 CONCLUSIONS 

1. The final annealing temper* e of ASTAR-81 1C has a strong influence on creep 
properties. ASTAR-81 1 C sheet annealed above the carbon sclvus, > 3600° F, exhibited the 
creep rates in the range of 2000° to 2600°F ~ 1/5 of that for material anneo'ed ar 3000°F. 

2. The precise role of carbon and the carbide phase, Ta 2 C, remains undefined 
since the evidence of direct precipitate-dislocation interaction detected in creep specimens 
tested at 2000 and 2400°F was insufficient to account for the strengthening increments 
measured. It would appear, however, that grain boundary precipitate interactions may be 
controlling. 

3. The effect of grain size on the creep bel >vior of ASTAR-81 1C appears to be 
minimal. No significant effect on creep rate was noted for grain sizes which ranged From 
0.025 to 0.25 mm, provided the disposition of carbide ''''ase was the same 

4. Cooling rate from final annealing temperature had little effect on the 2000 
and 2400°F creep behavior of ASTAR-81 1 C sheet. 

5. GTA welding of ASTAR-81 1C sheet does no* adversely effect the creep 
behavior. 
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6.0 RECOMMENDATIONS 


Bciied on the conclusions that the carbide morphology is controlling the creep behavior of 
ASTAR-81 1C, the following heat treatment is recommended to produce optimum creep properties 
in ASTAR-81 1C sheet. 

• Intermediate anneal 1/2 hour at 3600°F/ rapid cool, (<100F°/min) 
final reduction (~60%) by rolling at room temperature, final anneal 
at 1/2 hour at 3000° F. 

(NOTE: Same creep properties can be achieved ~y final annealing only at 3600°F for 1/4 
hour followed by rapid cool. However, final grain size will be approximately five 
times that of recommended treatment. ) 


*Although current industrial vacuum heat treating furnaces are generally limited to a maximum 
temperature of 1700°F at 1 x !0”' ? torr, demonstrated technology exists for heat treating at 
temperatures up to 4000°F at pressure < 1 x 10”® torr. Thus if requirement would arise for 
processing large quantities of ASTAR-811C material with optimum creep properties, the heat 
treatment capability could be provided. Laboratory heat treatment at temperatures up to 
3600°F and 1 x 1 0”~* torr of tubular shapes up to 1 1/2 inch in diameter x 10 feet long are 
currently available at the Astronuciear Laboratory. 


f 
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APPENDIX A 


TIME -ELONGATION CURVES FOR TEMPERATURE-STRESS 
CHANGE TESTS ON ASTAR-811C 


* Specimen Notation 
1-30-5-H-C 

I - denotes Task I specimen 

30 - annealing temperature x 10 in F 
5 - annealing time in minutes 

H - helium gas cooled 

C - creep specimen 




FIGURE I-!. ASTAR-8UC CREEP CURVE 
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